SUMMARY
Mechanicalpropertiesand stress-strainbehaviorwere evaluatedfor severaltypes of commerciallyfabricatedaluminummatrix composites,containing up to 40 vol % discontinuousSiC whisker, nodule,or particulatereinforcement. lhe elasticmodulus of the compositeswas found to be isotropic,to be independent of type of reinforcement, and to be controlledsolely by the volume percentageof SiC reinforcementpresent. The yield/tensilestrengthsand ductility were controlledprimarilyby the matrix alloy and temper condition. lype and orientationof reinforcementhad some effect on the strengthsof composites, but only for those in which the whisker reinforcementwas highly orio ented. Ductilitydecreasedwith increasingreinforcementcontent, however the ! fracture strains observedwere higher than those reported in the literature for this type of composite. This increasein fracture strain was attributed to cleanermatrix powder and increasedmechanicalworking during fabrication. Comparisonof propertieswith conventionalaluminumand titanium structural alloys showed that the propertiesof these low-cost,lightweightcomposites demonstratedvery good potentialfor applicationto aerospace structures. IN1RODUCTION The majority of effort in aluminum matrix compositeshas been directed toward developmentof high performancecomposites,with very high strengths and moduli, for use in specializedaerospaceapplications. However, there are a number of other applicationsin aircraft enginesand aerospacestructures where these very high propertiesmay not be required,and where it could be cost effectiveto use other metal matrix composites. For example, cost-, weight-and stiffness-critical components,such as engine static structures, do not requirethe very high directionalpropertiesavailablewith composites reinforcedwith aligned continuousfibers. Replacementof such current aluminum, titanium,or steel structuresby low cost compositesoffers the potential of significantweight and cost savings.
For these reasons,efforts were initiatedto assess the potentialof applying low cost aluminum matrix compositesto these structures,using low cost : reinforcementsand low cost compositefabricationprocesses,includingpowder metallurgy,direct castingand hot molding techniques(ref. l). As part of this assessment,panels of aluminum matrix compositescontainingdiscontinuous silicon carbidewhisker (SiCw),nodule (SiCn),or particulate(SiCp) reinforcement were fabricatedunder contract and deliveredto NASA-Lewisfor evaluation.
Results from preliminarymechanicalproperty testing of these SiC/AI composites (ref. l) indicatedthat they had significantlyhigher elasticmoduli than conventionalaluminum alloys and deserved further evaluation. Stressstrain and fracture results,with particularemphasis on modulus, strength, ductilityand microstructure,were reported in reference2. It is the purpose of this current paper to analyze these results in terms of the principal factors influencingthe stress-strainbehavior and mechanicalpropertiesof this type of SiC/A1 composite.
MATERIALS
Three types of aluminum matrix compositescontainingdiscontinuousSiC reinforcementhave recentlybecome commerciallyavailableand were studied in our investigations. Two types, containingSiC reinforcementsproduced from rice hulls (ref. 3) , are being produced by ARCO Metals (formerlySilag Div. of Exxon Corp.). These compositescontainedeither a predominatelySiC whisker reinforcement(Type F-9, nominal mixture of 80 percentwhiskers/20percent nodules) or a predominatelySiC nodule reinforcement(Type X-O, nominalmixture of 80 percent nodules/20percentwhiskers). A third type of aluminum matrix compositecontainingdiscontinuousSiC particulatereinforcementis being produced by DWA CompositeSpecialties,Inc. This type of compositeis made with reinforcementobtained from single crystalsof abrasive-gradeSiC that have been crushed into fine powder and separatedby size (ref. 4 ).
Similarmethods were used to fabricatecompositescontainingeach type of SiC reinforcement (refs. 4 and 5) . In each case, the SiC reinforcement was blendedwith aluminum alloy powder, compacted into billets and sintered. The sintered billetswere extruded and then cross-rolledinto 2.54 mm thick flat plates. Compositescontaining6061, 2024/2124,?0?5 or 5083 Al matrices were fabricatedin this manner and deliveredto NASA Lewis for evaluation.
The microstructureof each type of SiC/AI compositewas examined by heavily etching the surfaceswith HCI to remove some of the aluminum matrix to expose the SiC reinforcementdistributionbelow the original surface. Scanning electron microscope(SEM) photographs( fig. l) show the structureof a typical SiCw/6061Al compositeand indicatesthat three types of particlesare present: whiskers, nodules, and agglomerates. The equiaxedacicular whiskers were hexagonalin cross section and ranged in width from 0.2 to 0.9 _m. The whiskers tended to have a general orientationperpendicularto the final rolling direction,and parallel to the extrusiondirection. Some nodule reinforcement and ribbon-likewhiskers were also observed. Areas of differentialetching were also observed,indicatingeither a differencein chemical compositionor in internal strain energy states. It is probable that these areas are unstringeredagglomeratedmatrix particles,since the less heavilyworked areas of the compositewould tend to be less anodic, and thus would etch at a slower rate than the more anodic, more heavily worked regions. Figure 2 shows the structureof a typical SiCn/6061Al compositeand indicatesthat the reinforcementprimarilyconsists of SiC nodules. These noduleswere irregularlyshaped platelets,l to 5 _m in width, and tended to be equiaxed in cross section. A few whiskers were also visible,again having a generallytransverseorientation. In addition,some agglomeratedareas were also visible. Figure 3 shows the structureof a typical SiCD/6061Al compositeand indicatesthat the SiCp reinforcementis very angular and tends to have an irregularlyjagged wedge shape. Most of the SiCp reinforcementtended to be 2 to 7 #m in width, although 40 vol % SiCp/6061Al compositesshowed a larger SiC particulatesize, rangingup to lO by 21 #m across their extreme axes.
Tensile tests were used to evaluate the stress-strainbehavior and mechanical propertiesof the compositesand to relate the effects of the type of SiC reinforcement, SiC reinforcementcontent, matrix alloy and temper condition on the propertiesof the composites,in both the longitudinaland transverse directions. Compositeswith 2024/2124,6061 and 7075 Al matriceswere tested in both the as-fabricated(F-temper)and the heat-treated(T6-temper)condition, using heat treatmentsbased upon those given in reference6. Composites with a 5083 Al matrix were tested in the F-temperonly.
RESULTS AND DISCUSSION

Factors InfluencingModulus of Elasticity
The modulus of elasticityof 6061Al matrix compositesincreasedwith increasingreinforcementcontent ( fig. 4) . Results from tests on the other Al matrices studied followed these same trends. This increase,however,was not linear,as in the case of compositeswith continuousfibers aligned in the testing direction. The modulus of the compositeswas below that expected from isostrain-typerule-of-mixtures behavior,and tended to approach an isostresstype hyperbolicfunctionwith reinforcementcontent, similar to that observed for transversemodulus behavior of continuousfiber composites.
The reinforcementcontentwas the dominant factor in the improvementof modulus of elasticityin these SiC/AI composites. For a given reinforcement content, the modulus tended to be isotropic,with nearly equal values obtained from tests in both the longitudinaland transversedirections. In addition, the modulus appeared to be independentof type of reinforcement, with modulus values being within 5 percentof the average value for all compositestested at any given reinforcementcontent, regardlessof type of reinforcement.
The modulus of the compositeswas also independentof the matrix alloy. Heat treatmentof the compositesmay have had a slight effect on modulus. The modulus of composite in the T6-temperappeared to be slightly lower than the modulus measured on compositesin the as-fabricatedF-temper. This reduction was slight (about 3 to 4 percent) and was not consistentamong all the matrix alloys tested, and may have been due to scatter in the data.
Factors InfluencingStrength
:
The factors influencingthe yield and tensile strengthsof SiC/AI composites are complexand interrelated,and the best way to evaluate this behavior is through isolationof variablesand analysisof stress-straincurves and fracture behavior.
Effect of Al matrix alloy. -The Al matrix used for the SiC/Al composites was the most importantfactor affectingyield strength and ultimate tensile strengthof these SiC/AI composites. Stress-strainbehavior is summarizedin figure 5, with the other parametersheld constant. In this case 20 vol % SiCW reinforcement, T6-temper (where applicable)and testing in the longitudinal directionwere used as the analysis conditions. These curves show that SiC/AI compositeswith higher strength aluminummatrix alloys, such as 2024/2124or 7075 Al, had higher strengthsbut lower ductilities. Compositeswith a 6061 Al matrix showed good strength and higher ductility. Compositeswith a 50B3 Al matrix failed in a brittlemanner, with untimate strength relatedto failure strain. The 5083 Al alloy is not heat-treatable and has been optimizedto gain maximum propertiesby solid solution stengtheningin the strain-hardenedHtemper. The addition of the SiC reinforcementprobably overstrainedthe lattice and thus the alloy no longer had sufficientstrain energy remainingto gain its potentialstrength and ductility.
While heat treatmenthad little, if any, effect of the modulus of elasticity of the composites,it did affect the transitioninto plastic flow. Compositesin the F-temper strained elasticallyand then passed into a normal decreasing-slope plastic flow. Compositestested in the T6-temperexhibiteda slightly greater amount of elastic strain,with the elasticproportionallimit being increasedfrom about O.lO to 0.15 percent strain to about 0.15 to 0.25 percent, but the greater influencewas a steepeningof the slope of the stressstrain curve at the inceptionof plastic flow, relativeto that observed for compositesin the F-temper. The inceptionof plasticflow was marked by a continuationof a slope that, while no longer elastic and starting to become plastic, approachedthat of the elastic portion. This slope decreasedwith increasingstrain, until eventuallyreachingnormal plastic flow leading to fracture at the ultimate tensile strength. This increase in elastic proportionalstrain limit and steepeningof the stress-straincurve were reflectedby the higher yield and ultimate tensile strengthsobserved in the heat-treatedcomposites. The increase in flow stress of compositeswith each heat-treatable matrix probably indicatedthe additive effects of dislocationinteractionwith both the natural alloy precipitates and the syntheticSiC reinforcement. The combinationincreasedthe lattice strain in the matrix, causing greater dislocationtangling and requiringhigher flow stresses for deformation,resultingin the higher strengthsobserved.
lhe effectsof matrix alloy and heat treatmenton the ultimate tensile strengthof SiC/AI composites,in both the F and T6 tempers,are summarizedin figure 6 . The propertiesfor the unreinforcedmatrix alloys were taken from the values for maximum strength tempers listed in reference6. The results showed that the yield and ultimate tensile strengthsof the SiC/AI composites, with other parametersbeing constant,were primarilycontrolledby the intrinsic yield/tensilestrengthsof the matrix alloys. These resultsalso showed that, in general, the yield and ultimate tensile strengthsof the composites, with 20 vol % SiCW reinforcement, were higher than those of the same heat treated matrix alloys without reinforcement. The same trends of increased yield/tensilestrengthswere also observed for compositeswith these matrices using other types of SiC reinforcementand at other reinforcementcontents. The largest increase in yield/tensilestrengthsover the unreinforcedmatrix alloy, was achieved by the SIC/6061Al composites.
Effect of reinforcement content. -Reinforcement content is another important factor controlling the strength of SiC/At composites. The effect of reinforcement content of a given type of SiC reinforcement, is shown in the yield/ultimate tensile strength histograms in figure 7 for each alloy, tested in the 16-temper if applicable.
The data shown are the range of results of all tests conducted in both the longitudinal and transverse testing direction, with the average value from each testing direction indicated by the "L" and "T" ticks.
These figures show that, for a given matrix alloy and reinforcement, the yield and ultimate tensile strengths generally increased with increasing reinforcement content.
Part of the explanation for the strength increase observed can be seen from the stress-strain curves for SIC/6061 A1 composites containing different reinforcement types and contents ( fig.  8 ).
These curves show that the proportional limit stress, where the composite entered plastic flow, increased as the reinforcement content was increased, for each alloy tested.
As the reinforcement content was increased, the elastic modulus increased and caused the stress-strain curves to enter plastic flow at a higher flow stress. The slope of the stress-strain curve also increased as the composite entered plastic flow, and a higher flow stress was required to reach a given plastic strain until either a stable plastic flow was reached (ductile failure) or the specimen failed (brittle failure), lhis indicated that the strength increase was probably caused by closer packing of the reinforcement and smaller interparticle spacing in the matrix. This would cause increased interaction of dislocations with the SiC reinforcement, resulting in increased strain-hardening.
The strength increasedwith increasingreinforcementcontent only as long as the compositewas able to exhibit enough ductilityto attain full strength. As the content reached30 to 40 vol % SiC, the strength increasetended to taper off because the compositesfailed while still in the steeplyascending portion of the stress-straincurve. In this region,the matrix probably did not have sufficientinternalductilityto redistributethe very high localized internal stressesand the compositesfailed before being able to reach stable plastic flow and normal ultimate strength.
Effect of reinforcementtype and directionality.-Compositescontaining acicular SiCW, irregularequiaxed SiCn, or irregularjagged SiC reinforcements were studied in this investigation. Stress-straincurves for 6B61At matrix compositeswith 20 vol % of various SiC reinforcementsindicatedthat the yield and ultimatetensile strengthsof the SiCW and SiCp reinforcements were similar,while compositeswith SiCn reinforcements-were about lO percent lower in yield and ultimate tensile strengths( fig. 8) . No significanteffect of directionalityon strength propertieswas observedwith 6061 At matrix composites for any of the SiC reinforcementsat contents from tO to 40 vol %.
The orientationof the SiCW reinforcementin all matriceswas generally in the transversedirectionindicatingthat the whisker orientationwas established during the initial extrusionphase of fabrication. The compositeswere then cross rolled normal to the extrusiondirection,but the cross rolling did not appear to change the originalwhisker orientationand thus the whisker alignmenttended to be perpendicularto the final rollingdirection.
Some orientationaldifferenceswere observed in compositeswith SiCw/Al composites. Normally,any differencesin yield strengthwith orientationwere minor ( fig. 7(a) ), although significantdifferenceswere observed in ultimate tensile strength in 7075 and 2124 Al matrices ( fig. 7(b) ). In these cases, with 20 vol % SiCW reinforcement, the yield and ultimatetensile strengths of the T6-tempercompositeswere about 20 percent higher when tested in the transversedirection,comparedto the longitudinal( fig. 9 ). Etched surfaces of these composites( fig. 10(a) ) showed a greater degree of preferredwhisker orientationthan that of the 6061Al matrix composites (fig. l) .
Comparisonof the microstructureof the fracture surfacesof the 20 vol % SiCw/7075Al compositesshowed different behavior for specimenstested in the longitudinaland transversedirections. The 7075 Al matrix compositeshad an ultimate tensile strengthof 648 MPa (94.0 ksi) in the transversedirection, but only 542 MPa (?8.6 ksi) in the longitudinaldirection. The fracture surface ( fig. lO(b) ) of the transversespecimensshow that many more whiskers are projectingout of the surfaceof the compositespecimen than were observed in similar specimenstested in the longitudinaldirectionor in the 6061Al composites. Similar trends were observed in the transversefracture surfaces of the 20 vol % SiCw/2124Al composites.
It appeared that where directionalstrengtheningdid occur with SiCW reinforcement, the fracture surface indicatedprotrudingwhiskers (7075 and 2124 Al) with the whisker base still adherent to the matrix and no crater found at the base. In cases where no directionality was observed (6061 and 5083 Al), the matrix appeared to have pulled away from the whisker and formed a crater, possibly fracturingthe whisker, but more probably establishinga fracture path through the matrix just beyond the ends of the whiskers. In both situations however, no matrix appeared to be adhering to the exposedwhiskers,and therefore, it appeared that the whiskers merely pulled out of the matrix through interracialshear. If shear pull-out occurred,it would be improbablethat the whiskers failed in tension and thus the full strengtheningpotentialof the whiskers was not realized.
The tensile propertiesof all the compositeswith SiCW reinforcement tested in the longitudinaldirection,regardlessof the Al matrix, appear to have strengthsfairly comparablewith those of compositeswith the equiaxed SiCp and SiCn reinforcements.While some strength increaseswere observed in the directionof the reinforcementorientationfor the SiCw/Al composites, the effect was not universal. Since the modulus and the yield/tensilestrength values for the SiCw/Al compositeswere comparableto those of the SiCn and SiCp composites,in all cases in the directionperpendicularto the SiCW reihforcement,and in some cases parallelto the reinforcement, then it appears that, at the current state of the art, the reinforcingprocess in these composites tends to be more of a dispersoidstrengthenerthan a fiber strengthener. With the current state of the art of SiC reinforcementproductionand compositefabrication,it may be more beneficialto consider all SiC/AI composites, regardlessof reinforcementtype, as a single class of isotropic materials and to utilize their commonalitywith conventionalaluminum alloys as a major advantage,allowing establishedaluminum componentdesign to be used, and allowing conventionalaluminum metalworkingand forming processesto be used.
With further development,the SiCw/AI compositesmay prove more advantageous for specializedapplications. However, for whisker reinforcementto be effective,assumingadequate bondingand sufficientwhisker length,the whiskers must be preferentially oriented within a few degrees of the loading axis and the whisker surfacemust remain perfect. The fabricationprocesses used to produce SiCw/AI compositesinherentlysets up conditionsthat work against effectiveutilizationof full whisker propertiesin these composites. First, in the reinforcement/powder blendingprocess, the whisker surfaceswill probably become flawed and their intrinsic,as-producedstrength and aspect ratio will be reduced. Second, the extrusionof the sintered SiC/AI billets will cause further breaking up of the whiskers and furtherflawing of their surfaces. In addition,conventionalextrusioncan, at best, give only a partial orientationof the SiCW reinforcement.
Factors InfluencingDuctility
Ductilityof SiC/AI composites,as measured by strain to failure, is again a complex interactionof parameters. However, the prime factors affecting these propertiesare reinforcementcontent, matrix alloy, and orientation.
With increasingreinforcementcontent,the failure strain of the composites is reducedand the stress-straincurves also reflect a change in the fracture mode. Failure strains for the variouscompositestested are plotted in figure ll(a) as a function of reinforcementcontent for 6061Al matrix composites for both the F-and T6-tempers. Preliminarytensile tests, conductedon wrought aluminum specimenswith no SiC reinforcement, exhibitedfailure strainsof about 15 percent, with a smooth 45°chisel-pointshear fracture across the thicknessof the specimen. There was also a contractionin the width of the specimenat the fracture plane.
Compositespecimenswith low reinforcementcontents of lO to 15 vol % SiC in 6061Al exhibitedthe same type of a smooth 45°chisel point shear fracture across the thickness,but without the width contraction( fig. 12(a) ). Failure strains of 6 to 12 percentwere observedwith this type of fracture. SEM photographsof lO vol % SiCw/6061Al compositesshowed a ductile fracture with a fine lacy dimple network ( fig. 13(a) ). Fracturesurfaces in the more ductile orientationsshowed a finer dimple network structure,while the dimple network structureswere slightlycoarser in the less-ductiledirection.
At intermediatereinforcementcontents (20 vol %), the failure strain was reduced to the 5 to 2 percent range, and the fracture behavior underwenta transition( fig. 12 (b) ). At the higher strain portion of this range, the fracture had a 45°shear lip formed at each side of the width and intersected to form a "V". At the lower strain portionof this range, a smooth 45°chisel formed at one edge and extendedabout half-waythrough the width of the specimen, but then became flat and granular for the remainderof the section thickness. Fracture surfacesof compositesin this intermediatereinforcementrange showed a coarseningof the dimple network ( fig. 13(b) ).
At reinforcementcontents of 30 to 40 vol %, the fracture became flat and granular across the entire width, with no evidenceof a chisel point shear lip ( fig. 12 (c) ). Compositesexhibitingthis type of fracturemode failed in a brittlemanner, with a failure strain of 2 percentor less. This type of fracture showed cleavage fractureswith some coarse dimple networks still visible. As the reinforcementcontent increased,the ductilitydecreasedand more of the fracture surface area failed by cleavage ( fig. 13(c) ).
Results reported in the literaturefor SiC/AI compositestended to show lower failure strainsthan were observed in this current study. Failure strains of <l to 2.5 percent for several Al matrix compositescontaining variousSiC reinforcements, were reported in references4, 5 and 7. However, reference8 reportedfailure strains of about 4.5 percent in 20 vol % SiCw/6061 Al composites. This increase in ductilitywas attributedto improved homogeneity of the SiCW reinforcementby rollingafter extrusion.
The increase in failure strain observed with the SiC/AI compositestested in this current investigationcan probably be attributedto two main factors. First, the fabricatorsof the compositesare constantlystriving for cleaner, more uniform Al alloy powders,and for more uniform control of fabrication variables. Cleaner, purer alloy powderscan reduce the amount of impurities that can potentiallyform brittle intermetallics, and more uniform powders and reinforcementsallow better control of powder size distribution,interparticle spacing and homogeneityof the structure. In addition,the evolutionary developmentof the compositesalso includes betLer beneficiationprocessingto separate out debris and unwanted particlesfrom the reinforcement, lhus, when comparingdata reportedfor SiC/AI composites,the date that the composites were fabricatedbecomes important,since this helps to define the fabrication state of the art of the composites,which in turn helps determinethe state of evolutionof strengthand ductilitybehavior.
The second factor affectingthe improvementof the ductilityof the SiC/AI compositesstudied in this investigationis that the compositeswere made from larger billetsand were probablymore heavilyworked than most of the com--posites previouslyreported. The higher degree of reductionby mechanical working helps increase compositeductility in three ways: it reducesmatrix porosity to a greaterdegree; it breaks up inclusionsand more effectively stringersthem; and it makes the dispersionof reinforcingparticles finer and more uniform. All of these factorswould have a beneficialeffect on composite ductility, lhe SEM study showed that the particle size of the SiCp and SiCn reinforcements was rather coarse in comparisonwith the SiCw reinforcement. Furtherwork should be devoted to study the effectsof finer particle sizes of the SiCD and SiCn reinforcements to see if a finer dispersionof these reinforcemehtscould increasethe strength and ductilityof these composites.
ElevatedTemperatureProperties
DiscontinuousSiC/AI compositescontinuedto show an advantage over conventionalaluminum alloys at elevated temperatures. Results of tensile tests conducted on 20 vol % SiCw/6061Al compositesare plotted in figure 14 for temperaturesup to 316°C (600°F). These tests were conductedby allowing the specimen to stabilizeat temperaturefor about lO minutes prior to test.
Specimenstested at temperaturesof 149°to 204°C (300°to 400°F) exhibiting the same type of V-shaped,double shear lip transitionfractureobserved in tests at room temperature. Specimenstested at 260°C (500°F) showed a slight increase in plastic strain. While still transitional,the fracture showed more of a tendency for the formationof a more ductile, single shear lip and was basicallythe same as that observedat lower temperatures. Failure strain appeared to increaseslightlyat 316°C (600°F), however the fracture behavior changed markedly. The fracture showed a great deal of necking in both the width and thicknessdirectionof the specimen,and all four surfaces of the fracturearea necked in a ductilemanner. This change in fracture behavior coincidedwith the marked drop in ultimatetensile strength observed at 316°C (600°F).
Reference9 reportedthat 20 vol % SiCw/2024Al compositesshowed a similar strengthadvantageover unreinforced2024 Al at elevated temperatures. In that work, round tensile test specimenswere used, thus allowing reduction in area measurementsto be made at the necked fracturearea. It was found that, at temperaturesof less than 240°C (460°F), the compositesfailed with relativelylittle plastic flow and no necking. At 240°C (460°F), the composites showed an abrupt change in behavior and exhibitedsignificantnecking and failed at plastic strainsof about lO percent. Further tests at temperatures up to about 400°C (752°F) showed similar behavior. The results of this study showed that these low cost SiC/AI matrix composites, currentlyprojectedto sell for about $20/Ib,demonstrateda good potentialfor applicationto aerospacestructuresand aircraft engine components, lhe compositesare formablewith normal aluminummetalworkingtechniques and equipmentat warm working temperatures. They can also be made directly into structuralshapes during fabrication. These compositesmerit additionalwork to determinefatigue, long-termstability,and thermal cycle behavior to more fully characterizetheir propertiesand allow their considerationfor structuraldesign for a variety of aircraftand spacecraft applications.
The most significantaspect of these data was the increase in modulus over that of competitivealuminumalloys. At 20 vol % reinforcement,the modulus of SiC/AI compositeswas about 50 percentabove that of aluminumand approached that of titanium. This increasein moduluswas achievedwith a material having a density one-third less than that of titanium. Comparisonof the properties of the various compositestested in this study ( fig. 15) shows that the modulus/densityratio of 20 vol % SiC/AI compositeswas about 50 percent greater than that of Al or Ti alloys,while at 30 vol % SiC the advantagewas increasedto about 70 percent, and at 40 vol % SiC the moduluswas almost double that of unreinforcedAl or Ti structuralalloys.
The Boeing Co. has reported(ref. lO) that it expects to save about lO percent of the structuralweight of advanced transports,currentlyunder design, through the use of new AI-Li alloys, lhe resultsobtained in this current study showed that discontinuousSiC/Al compositesoffered significantly better modulus,modulus/density, and ductility propertiesthan do the AI-Li alloys reported in referencesII and 12. The SiC/AI compositeshad about the same yield and ultimatetensile strengthsand so the use of these SiC/AI composites could save appreciablymore weight in airframe and engine structures, and offer the potentialto reduce aircraft weight by possibly as much as twice that projectedwhen using the AI-Li alloys.
CONCLUSIONS
Studieswere undertakento evaluate the tensile behaviorof low-costdiscontinuousSiC/Al composites,containingSiC-whisker,-nodule,or-particulate reinforcement. The effects of reinforcementtype, matrix alloy, reinforcement content, and orientationwere determinedby analysis of stress-straincurves and by SEM examination. This investigationled to the followingconclusions:
(1) Discontinuous SiC/AI compositesoffer a 50 to lO0 percent increase over the modulus of unreinforcedaluminum and offer a modulus equivalentto that of titanium,but at a third less density. The SiC/AI compositeshad modulus/densityratios of up to almost twice those of titaniumand aluminum structuralalloys. The modulus of SiC/AI compositestended to be isotropic and was controlledby the amount of SiC reinforcement.
(2) The yield and tensile strengthsof SiC/Al compositesdemonstratedup to a 60 percent increaseover those of the unreinforcedmatrix alloys. Yield and ultimate tensile strengthsof the compositeswere controlledby the type and temper of the matrix alloy, and by reinforcementcontent. In general, these propertieswere independentof the type of reinforcement. This suggests that, with the present state of the art of materialsand fabrication,SiCp or SiCn reinforcements appear equally effectiveas SiC-whiskers.
(3) Ductilityof SiC/AI composites,as measured by strain to failure, was dependent upon reinforcementcontent and matrix alloy. Compositeswith ductile matrix alloys and lower reinforcementcontentsexhibiteda ductile shear fracturewith a 5 to 12 percent failure strain. As reinforcementcontent increased,the fracture progressedthrougha transitionand became brittle, reaching a <l to 2 percent failure strain,at higher reinforcementcontents. The increase in ductilityover that reported previouslywas attributedto cleanermatrix alloy powdersand increasedmechanicalworking. 
